' INTRODUCTION
Nanometer-scale magnetic nanoparticles (NPs) have attracted widespread attention due to the rapidly increasing number and variety of their applications in the biomedical sciences, including imaging 1 and therapy. 2 Indeed, they possess unique nanoscale size-dependent physical and chemical properties that can be controlled in a manner that is not possible in the corresponding bulk materials. 3 When these tiny materials are introduced into biological systems, their small size and physicochemical properties enable them to operate as probes and delivery vectors suitable as candidates for the next generation of diagnostic and therapeutic techniques. In this regard, an exciting potential of magnetic NPs resides in the possibility of preparing multifunctional theranostic NPs which may be used as contrast agents (CA) for magnetic resonance imaging (MRI) and Received: December 20, 2010 ABSTRACT: Synthesis of functionalized magnetic nanoparticles (NPs) for biomedical applications represents a current challenge. In this paper we present the synthesis and characterization of waterdispersible sugar-coated iron oxide NPs specifically designed as magnetic fluid hyperthermia heat mediators and negative contrast agents for magnetic resonance imaging. In particular, the influence of the inorganic core size was investigated. To this end, iron oxide NPs with average size in the range of 4À35 nm were prepared by thermal decomposition of molecular precursors and then coated with organic ligands bearing a phosphonate group on one side and rhamnose, mannose, or ribose moieties on the other side. In this way a strong anchorage of the organic ligand on the inorganic surface was simply realized by ligand exchange, due to covalent bonding between the Fe 3þ atom and the phosphonate group. These synthesized nanoobjects can be fully dispersed in water forming colloids that are stable over very long periods. Mannose, ribose, and rhamnose were chosen to test the versatility of the method and also because these carbohydrates, in particular rhamnose, which is a substrate of skin lectin, confer targeting properties to the nanosystems. The magnetic, hyperthermal, and relaxometric properties of all the synthesized samples were investigated. Iron oxide NPs of ca. 16À18 nm were found to represent an efficient bifunctional targeting system for theranostic applications, as they have very good transverse relaxivity (three times larger than the best currently available commercial products) and large heat release upon application of radio frequency (RF) electromagnetic radiation with amplitude and frequency close to the human tolerance limit. The results have been rationalized on the basis of the magnetic properties of the investigated samples.
as heat nanosources to achieve targeted treatment of malignant cells.
Magnetic hyperthermia, which is based on the exothermic properties of magnetic materials under the influence of an alternating current (ac) magnetic field, is a promising cancer thermotherapy. Since the pioneering work of Gilchrist et al., 4 magnetic hyperthermia has been the aim of numerous in vitro and in vivo studies. In the quest for the most efficient heat mediators several different classes of materials have been investigated such as magnetic nanocomposite microparticles, 5 surface-modified superparamagnetic NPs (ferrofluids) 6 and ligand-targeted magnetoliposomes.
7
Surface-modified super-paramagnetic NPs based on not targeted dextran or carbodextran coated magnetite NPs 8 have been proposed for magnetic fluid hyperthermia (MFH) since the early 1980s in cancer treatment, and successful clinical trials have been performed on human patients in the past decade. 9 Furthermore, thanks to the capability of iron oxide NPs to enhance proton relaxation at their sites of accumulation 10 and to their high biocompatibility, this kind of material has rapidly become an important tool in the field of contrast enhancement in MRI images applied to the noninvasive diagnosis of many diseases in human soft tissues.
11 During the past 2 decades, super-paramagnetic iron oxides NPs (SPIONs) and ultrasmallsized super-paramagnetic iron oxides (USPIONs) dispersed in aqueous phase have been investigated to explore their potential as contrast-enhancing probes for MRI. Some of these materials are under clinical evaluation or already used in clinical practice: for instance, Endorem (Guerbet), also called Feridex, Feraheme (AMAG Pharmaceuticals), Primovist and Eovist (Bayer Schering Pharma AG) are used as CAs while other products such as Supravist-SHU555C (Bayer Schering Pharma AG), VSOP-C184 (Ferropharm GmbH), Ferumoxtran-AMI-227 and Ferumoxide-AMI-25 (AMAG Pharmaceuticals) will enter the market soon. 12 Many efforts have also been made to design iron oxide NPs with improved properties in order to decrease the CA concentration, increase the circulation time in the organism, and enhance selective NPs' transport into the cell membrane . 13 Synthetic chemistry has now developed to a stage where it is possible to produce magnetic NPs for in vivo biomedical applications such as medical imaging and magnetic thermotherapy achieving the so-called "find, fight, and follow" concept of early diagnosis and therapy control. Consequently, NPs may be injected intravenously, utilizing the blood circulation to transport them to their target sites, and their progression in the body may be followed by MRI. After penetrating the tumor cell, its eradication should be achieved for the lowest possible NP concentration. Nevertheless, the difficulty in designing such nanoprobes consists in the fact that they should exhibit remarkable hyperthermal and relaxometric efficiencies at physiological conditions and have adequate biocompatibility and targeting properties. Thus, the use of magnetic NPs for theranostic applications requires better control of the NP core, size, shape, chemical composition, degree of aggregation, and surface state, 14 whereas to ensure the circulation within the living organism, effective vectorization of these nanoprobes is required to direct them toward the desired target allowing a reduction in the total amount of targeted NPs compared with untargeted NPs. Along this line of thought, numerous studies have been devoted to the investigation of iron oxide NPs stabilized with different biocompatible ligands including various polymers, 15 albumin, 16 Among the different biocompatible tumor cell-targeting ligands investigated to date, saccharides represent promising molecules for the delivery of such nanoprobes. In fact, they are involved as recognition markers in numerous physiological and pathological processes, mainly occurring on the surfaces of the cell and can be recognized by carbohydrate-binding proteins, such as antibodies, enzymes, and lectins. 25 Very recently, magnetic glycolNPs based nanosensors bearing carbohydrate ligands were shown to strongly interact with endogenous lectins present on the cancer cell surface. 26 Moreover, membrane-bound receptors, such as lectins, are known to assist material internalization inside the cell via endocytosis following the binding of their ligand. 27 Some examples of saccharide-coated iron oxide NPs have been reported: these include the attachment on Fe 3 O 4 NPs of dihydroxyborylphenyl groups functionalized with different mono-and oligosaccharides, 28 the grafting of silica-coated Fe 3 O 4 NPs with functionalized D-mannose through a triazol linker, 29 the noncovalent coating of iron oxide NPs with poly(D,L-lactide-co-glycoside) via emulsion techniques, 30 or the co-precipitation of iron salts in the presence of D-mannose.
31
We have recently reported a new approach to achieve size controlled water-dispersible magnetic iron oxide NPs covalently linked to monosaccharide molecules via a phosphonate moiety.
32
These water-dispersible biocompatible rhamnose-coated iron oxide NPs of 4.0 nm were shown to have super-paramagnetic behavior and nuclear relaxivities in the same order of magnitude as Endorem. These characteristics make them potential third generation MRI CAs because the saccharides also represent specific ligands able to target lectins on skin cells. We first focused on rhamnose, as it has been shown that fluorescent rhamnose-coated liposomes could transfer fluorescence from liposomes to skin cells. Moreover, ex vivo experiments on human skin section have demonstrated specific delivery to the epidermis or the horny layer due to the presence of rhamnose ligands on the surface of liposomes. 33 These preliminary results encouraged us to further investigate this approach and to evaluate the potential multifunctional theranostic efficiency of the sugar-coated iron oxide NPs combining the MFH therapeutic action with the MRI diagnostic. To this end, our strategy for the synthesis of NPs was extended to other sugar derivatives of interest, such as mannose which is an efficient vector to target macrophages and hepathic cells 34 and, in order to demonstrate the general applicability of the synthetic methodology, to the pentose derivative, ribose. Further, to investigate the role of the inorganic core, rhamnose-coated iron oxides NPs with various sizes in the range of 4À35 nm were synthesized and their magnetic, relaxometric, and hyper-thermal properties systematically studied.
' EXPERIMENTAL SECTION Nanoparticle Labeling. Molecules derived from carbohydrates bearing ester phosphonate groups were referred to as Rha for rhamnose, Man for mannose, and Rib for ribose (see Schemes 1 and 2). The iron oxide NPs functionalized with these ligands are named as follows: the prefix Rha, Man, or Rib denotes the type of carbohydrate derivative grafted on the surface of the nanoparticles of ca. 4, 7, 10, 16, 18, or 35 nm. As an example, Rha-4 denotes iron oxide nanoparticles of 4 nm in size grafted with the rhamnose derivative. Thus, we obtained a Synthesis. The syntheses were carried out using standard anaerobic procedures and commercially available reagents. Absolute ethanol, hexane, methanol, and dichloromethane (99%) were used as received. Tetrahydrofuran, THF, was purified by distillation over sodium. 1,2-Hexadecanediol (90%), oleic acid (90%), 2.0 M ammonia solution in methanol, iron(III) oxide hydrated catalyst grade 30À50 mesh, docosan (99%), tris(trimethylsilyl)phosphate, triethylene glycol (TEG), boron trifluoride etherate, tetrabromomethane, and triphenylphosphite were purchased from Aldrich Chemical Co. Phenyl ether (99%), oleylamine approximate C18 content 80À90% (97%), and iron(III) acetylacetonate (99þ%) were purchased from Acros Organics. 1-Methylpyrrole (99%) was purchased from Alfa Aesar. Rhamnose, mannose, and ribose were purchased from Benn Chemicals.
Synthesis of the Rhamnose Derivative (Rha AC ). Synthesis of 2-[2-(2-Hyroxyethoxy)ethoxy]ethyltri-O-acetylrhamnopyranoside. A 90.35 mmol amount of boron trifluoride etherate was added dropwise at 0°C to 18.07 mmol of L-(þ)-rhamnose pentaacetate dissolved in dichloromethane (14 mL) and 54.21 mmol of triethylene glycol. The mixture was magnetically stirred under argon, at 0°C for 15 min, and then under ambient conditions overnight. The mixture was diluted in dichloromethane (25 mL) and then washed (2 Â 25 mL of water, 2 Â 25 mL of a solution of 5% sodium bicarbonate, and 2 Â 25 mL of water). The organic layer was dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. 35 NPs were performed according to published procedures. The coating of the NPs with different sugars was performed according to the procedure described below:
First
Step. In a typical experiment, 0.46 mmol of oleic acid-/ oleylamine-coated iron oxide nanoparticles and 0.78 mmol of sugar were dissolved in anhydrous THF (5 mL). The mixture was magnetically stirred under argon to reflux for 24 h. Pentane (30 mL) was added to the mixture at room temperature, and the solution was precipitated and separated via centrifugation. The product was dissolved, and centrifugation (120 000 rpm, 10 min) was applied to remove undispersed residue. The solution was precipitated with ethanol (40 mL), and organic compound was removed via centrifugation.
For mannose-coated NPs (Man AC -4). IR: 2925, ν as (CÀH); 2856, ν s (CÀH); 1747, ν(COO); 1226, ν(CO); 1080, ν(COC); 1051, ν(CH cycle ); 1015, ν(PÀOÀFe); 984, ν(PÀOÀFe); 588, ν(FeÀO).
For ribose-coated NPs (Rib AC -4). IR: 2925, ν as (CÀH); 2872, ν s (CÀH); 1750, ν(COO); 1228, ν(CO); 1084, ν(COC); 1049, ν(CH cycle ); 1013, ν(PÀOÀFe); 976, ν(PÀOÀFe); 598, ν(FeÀO).
For rhamnose-coated NPs (Rha AC -4). IR: 2925, ν as (CÀH); 2856, ν s (CÀH); 1747, ν(COO); 1226, ν(CO); 1080, ν(COC); 1051, ν(CH cycle ); 1015, ν(PÀOÀFe); 984, ν(PÀOÀFe); 588, ν(FeÀO).
Second Step. A 0.2 mmol amount of the NPs obtained in the first step was dissolved in a solution of 2 M ammonia methanol (10 mL). The solution was magnetically stirred under argon at room temperature for 4 h. Dichloromethane (30 mL) was then added to the mixture, and the solution was precipitated and separated via centrifugation. The product was dissolved, and centrifugation (120 000 rpm, 10 min) was applied twice to remove organic compounds.
For 
RhamnoseÀPhosphonate Leaching Studies for Rha-4.
RhamnoseÀphosphonate leaching studies from iron oxide NPs were performed on Rha-4 in water for physiological conditions (pH = 7.4): 5.8 mg of Rha-4 was solubilized in 50 mL of water (0.649 mmol/L in iron), and the solution was sonicated for 10 min. Then, the NPs were precipitated by adding ethanol and washed thoroughly with the same solvent. This procedure was repeated twice. The IR spectra of the resulting NPs are unchanged, and the Fe/P ratio from elemental and EDX analyses is shown to be unchanged with a value of 87:13, demonstrating the strong anchorage of the organic rhamnoseÀphosphonate moieties at the NPs surface.
Physical Measurements.
1 H, 13 C, and 31 P NMR spectra were recorded using a Br€ uker AC-400 spectrometer. Chemical shift values (δ) are reported in parts per million from internal standard tretramethylsilane. Coupling constants (J) are measured in hertz. Multiplicity is reported as follows: s (singlet), d (doublet), t (triplet), m (multiplet), and combination of this signal. Optical rotations were recorded with a Perkin-Elmer 241 polarimeter. Fast atom bombardment mass spectra (FAB-MS) were recorded in positive mode using a JEOL DX 300 spectrometer using NOBA (nitrobenzylic alcohol) as matrix. Column chromatographies were performed on silica gel 60. Dynamic light scattering (DLS) measurements were recorded with a Malvern highperformance particle sizer. IR spectra were recorded using a PerkinElmer 1600 spectrometer at 4 cm À1 resolution. The surface composition was monitored by X-ray photoelectron spectroscopy (XPS) on an ESCALAB 250 (Thermo Electron). The X-ray excitation was provided by a monochromatic Al KR (1486.6 eV) source. The diameter of the analyzed surface was 400 μm. The background signal was removed using the Shirley method. The surface atomic concentrations were determined from photoelectron peak areas using the atomic sensitivity factors reported by Scofield. Binding energies (BE) of all core levels were referred to the CÀC of C1s carbon at 284.8 eV. Elemental analyses were performed by the Service Central d'Analyze (CNRS, Vernaison, France). The samples were heated at 3000°C under He. Oxygen was transformed in CO and detected by using an IR detector. Iron was determined by using the emission spectroscopy technique PLASMA ICP. An evaluation of the Fe/P ratio was also performed by using an environmental secondary electron microscope FEI Quanta 200 FEG coupled with an electron dispersive spectroscope Oxford INCA detector. Powder X-ray diffraction patterns were measured with a PanAnalytical diffractometer equipped with an ultrafast X'celerator detector X'pert Pro with nickel-filtered copper radiation (1.5405 Å) and a Bruker D8 Advance diffractometer equipped with Cu KR radiation and operating in θÀ2θ BraggÀBrentano geometry at 40 kV and 40 mA. Magnetic susceptibility data were collected with a Quantum Design MPMS-XL SQUID magnetometer working in the temperature range of 1.8À350 K and the magnetic field range of 0À5 T. Data were not corrected for the diamagnetic contribution because, when measured separately, it was found to be negligible with respect to the sample signals. All magnetic measurements were performed on dry powders except when indicated. The samples were pressed into pellets in order to prevent nanocrystal orientation under the external magnetic field. Samples for transmission electron microscopy measurements were prepared by depositing the NPs on carbon-coated copper grids. The measurements were carried out with a microscope JEOL 1200 EXII operated at 100 kV. NMR data were collected by using two different pulsed FT-NMR spectrometers: (i) a Smartracer Stelar relaxometer (with the use of fast-field-cycling technique) for frequencies in the range of 10 kHz e ν e 10 MHz, and (ii) a Stelar Spinmaster for ν > 10 MHz. Standard radio frequency excitation pulse sequences CPMG-(T 2 ) and saturation-recovery (T 1 ) were used. From the measured T 1 and T 2 values we have calculated the longitudinal and transverse relaxivities using the usual formula:
, where (1/T i ) meas is the value measured for the sample of magnetic center concentration c (mmol L
À1
) and (1/T i ) dia refers to the nuclear relaxation rate of the diamagnetic host solution. GIBCO ultrapure water DNase RNase Free Invitrogen was used for the preparation of two buffer solutions. The first one is 50 mL of 10 mM Hepes and the second 50 mL of 1 M Trima. These two solutions were mixed to obtain an aqueous solution at pH = 7. 4 
' RESULTS AND DISCUSSION Synthesis and Characterization. The synthesis of iron oxide NPs coated with carbohydrates was carried out using iron oxide NPs, stabilized by oleic acid or a mixture of oleic acid/oleylamine, by the displacement of the stabilizing agents, and by covalent grafting of the carbohydrate derivatives via the phosphonate function.
The synthesis of the rhamnose derivative functionalized at the anomeric position, Rha AC , depicted in Scheme 1, was carried out in three steps, leading mainly to the R-anomer (95/5). The reaction is constrained to start at the anomeric position by selectively deprotecting the sugar at this site.
The hydroxyl protection was obtained by the action of acetic anhydride in pyridine. The selective deprotection of the anomeric position was achieved by use of hydrazinium acetate. 37 The glycosylation of the deprotected sugar, by the TEG moiety, was obtained in an excellent yield using boron trifluoride as catalyst. Primary alcohol was then halogenated by the couple triphenylphosphine/carbon tetrachloride and an Arbuzov reaction with the sorting trimethylsilyl phosphite 38 led to the desired phosphonate. A similar methodology was applied for the synthesis of the mannose Man AC and ribose Rib AC derivatives functionalized at the anomeric position, leading to mainly the R-anomer for the mannose and the β-anomer for the ribose (see Scheme 2).
The postsynthetic anchorage of the phosphonate-functionalized sugars at the surface of the iron oxide NPs was performed in THF by heating for 24 to 48 h. The deprotection of the acetate groups was performed in a methanol/ammonia mixture. The synthesis of the NPs coated with the rhamnose derivative is shown as an example in Scheme 3.
It is noteworthy that while the starting NPs are nonsoluble in methanol and water, they become soluble in methanol but not water when coated with acetate-protected sugar, and then become fully soluble in water after sugar deprotection, as expected considering the different organic groups covering the NPs surface at each step. By following this procedure to synthesize the coated NPs, the sugar Journal of the American Chemical Society ARTICLE moiety is proposed to be covalently bound to the iron oxide NPs via the phosphonate moiety, which precludes sugar leaching and consequently formation of uncoated iron oxide NPs in the living organism. Such assessment was tested by intense sonication of an aqueous solution of Rha-4 at physiological pH followed by precipitation and intense washing in order to remove all improperly anchored organic molecules from the NPs surface. IR analysis performed after such treatment still shows the presence of the rhamnoseÀphosphonate molecule; the elemental and the energy dispersive spectroscopy (EDS) analysis showed an unchanged Fe/P ratio confirming the absence of rhamnoseÀphosphonate release after such harsh treatment. Furthermore, the approach used ensures the presence of rhamnose moieties pointing out from the iron oxide NPs, which is an essential requirement for optimum recognition of the appropriate lectin and for cell internalization.
Each step of the synthesis was followed by infrared spectroscopy. The IR spectra of Rha-4, Man-4, and Rib-4 display, when compared with the spectrum of the same NPs coated with oleic acid and oleyl amine, the appearance of strong bands at ca. 1750 and 1226 cm À1 attributed to the ν(COO) and ν(CO) stretching modes together with the bands at ca. 1080 and at 1050 cm À1 assigned to ν(COC) and ν(CH cycle ), respectively (see the Supporting Information available, Figure 1S ). The band of the ν(PÀOÀFe) mode at 1031 cm À1 is consistent with the anchoring of the phosphonate moiety to the surface (see the Supporting Information). 39 The characteristic broad envelop at 588 cm À1 for Man-4 and Rha-4 and at 598 cm À1 for Rib-4, attributed to ν(FeÀO) bands of iron oxide, indicates that the iron oxide remains intact after sugar anchorage. After deprotection of the sugar acetate groups, the band at ca. 1750 cm À1 (ν(COO)) completely disappears, and the intensity of the bands at ca. 1226 cm À1 (ν(CO)) are strongly decreased (see the Supporting Information). Consequently, this study highlights the covalent coordination of the sugar derivative via the phosphonate group on the iron oxide surface. Moreover, it confirms the efficient deprotection of sugar acetate groups during treatment in a solution of ammonia/methanol, leading to water-soluble NPs. Note that the change of the NP size does not modify the IR spectra. X-ray photoelectron spectroscopy (XPS) analysis was further used to validate the successful coating of the sugar molecules on the magnetite surface (see the Supporting Information available, Figure 2S ). 40 The transmission electronic microscopy (TEM) measurements performed on the as-obtained NPs show in all cases that they are nonaggregated and uniform. The TEM images of the NPs of Rha-4ÀRha-35 samples are shown as an example in Figure 1 (see also the Supporting Information available, Figure  3S , for Rib-4 and Man-4 derivatives). Monodisperse NPs of controlled size in the range of 4À35 nm were obtained by varying the synthetic parameters, and the coating process was demonstrated not to modify the morphology, size, or size distribution of the inorganic core (Supporting Information available, Figure 4S ). The average size and size distribution obtained from the analysis of a large number of NPs are given in Table 1 . A spherical shape is obtained for the 4À18 nm NPs (Rha-4ÀRha-18), while the largest ones (Rha-35) present a cubic morphology. Indeed the tendency to assume the more stable cubic habit on decreasing the surface to volume ratio is a well-documented behavior for iron oxide nanoparticles. 41 In all cases the particles exhibit a narrow size distribution. Dynamic light scattering (DLS) shows that the NPs form colloidal solutions in water that are stable over long time periods. The hydrodynamic size determined by this technique are on average ca. 4 nm larger than that obtained by TEM, the difference being ascribed to the sugar layer surrounding the magnetic core. Moreover, the NPs can be suspended in phosphate-buffered saline (PBS) and in physiological solution or in sterile water even at high concentrations forming dispersion stable for long periods.
The powder X-ray diffraction patterns within the 2θ range of 20À70°for Rha-4, Rha-7, Rha-10, and Rha-35 are given as examples in Figure 2 . Similar patterns were obtained for all the investigated samples. The patterns exhibit diffraction peaks which were indexed as (220), (311), (222), (400), (422), (511), and (440) reflections, characteristic of the cubic spinel structure of magnetite and maghemite, or any intermediate composition, which could not be discriminated due to significant line broadening due to the small size of the crystalline domains. As expected the line broadening increases upon decreasing the nanocrystal size. The mean values of the cell parameters obtained by using the Bragg law (see the Supporting Information available) vary between 8.381 (Rha-4) and 8.411 Å (Rha-35), which is of the same order as the literature value (8.396À8.3515 Å).
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The crystalline domain size, determined from the full width at half-height of the most intense peaks, has been calculated using the DebyeÀScherrer formula. The values obtained (Table 1) are very similar to those obtained by TEM, which is indicative of crystallographic single domains and high crystallinity of the samples.
Magnetic Properties. The magnetic behavior of the NPs was first investigated by zero field cooled/field cooled experiments, i.e., by measuring the temperature dependence of the magnetization under a 5 mT field after cooling the sample in zero field (ZFC) or with the probe field applied (FC). The magnetic Figure 5S ), indicating the nature of the sugar does not significantly influence the physical behavior of the inorganic core. Note also that the FC/ZFC curves of the nanoparticles before and after sugar coating are identical. For this reason, in the following discussion we will focus on the investigation of the Rha-4ÀRha-35 series only. Figure 3a shows the ZFC/FC magnetization from 2 to 300 K for Rha-4 and Rha-16 as representative of the whole series. The ZFC magnetization curves increase with temperature, reaching a maximum at temperature defined as T max . On the contrary, the ZFC curve of sample Rha-35 (35 nm NPs) increases continuously as the temperature increases and does not show a maximum, suggesting the presence of a ferrimagnetic-like behavior also at room temperature (see the Supporting Information available, Figure 6S ). The T max values are plotted in Figure 3b as a function of the average diameter of the NPs and are summarized in Table 2 . T max increases continuously with the NPs size but with a d dependence slower (ca. d The FC curves of Rha-4, Rha-7, and Rha-10 increase as the temperature decreases and never reach saturation at low temperature, suggesting that interparticle interactions do not significantly affect the relaxation dynamics. On the contrary, the FC magnetization of Rha-16 and Rha-18 decreases below T max as the temperature decreases, which can be interpreted as the fingerprint of strong magnetostatic interparticle interactions. 44 Accordingly, these features only appear for larger NPs, where the strength of the magnetic interactions is expected to be much greater.
The magnetization as a function of the applied field was measured at room temperature and 2.5 K. The hysteresis loops measured at 300 K display nonzero coercivity (10 mT) only for sample Rha-35, confirming that it is largely blocked at room temperature. All of the other samples are in the super-paramagnetic Table 2 . Conversely, at low temperature all samples display open hysteretic loops. The coercive field, H C , reported in Table 2 and shown in Figure 7S (Supporting Information), increases with the average size up to Rha-18 and then markedly decreases for Rha-35. The observed evolution of H C with the average size agrees well with the empirical model suggested by Hergt et al., 46 which summarizes the approaches and experimental data reported in the literature over the past few decades: 47 in the pure single-domain regime H C increases with the size due to the progressively lower efficacy of the thermal demagnetization process; further increase in the size above the super-paramagnetic threshold leads to incoherent reversal mechanisms becoming increasingly favored lowering the field for reversal of the magnetization. Moreover, micromagnetic calculation for cubic NPs in the transition states from single to multidomain, as is the case of Rha-35, indicates that flower and vortex magnetic states can further decrease H C . 48 The temperature dependence of the in-phase (χ 0 ) and out-ofphase (χ 00 ) components of the AC susceptibility were measured for samples Rha-4ÀRha-18. Figure 5a shows the thermal dependence of χ 0 and χ 00 in a zero static field in the 1À1000 Hz range for Rha-16, here taken as a representative example. At 1 Hz, χ 0 and χ 00 exhibit peaks at 265 and 247 K, respectively, which shift toward higher temperature with increasing frequency. A similar frequency-dependent behavior was observed for all of the NPs. Depending on the nature and strength of the magnetic interactions, the observed frequency-dependent behavior may be attributed to a blockingÀunblocking process for isolated or weakly interacting super-paramagnetic NPs, or to a spin glasslike transition for the case of strongly interacting NPs, as is discussed as follows. 49 According to the N eel model, the temperature dependence of the relaxation of the magnetization of noninteracting super-paramagnetic systems follows an Arrhenius law, τ = τ 0 exp(E a /k B T), where E a is the average energy barrier for magnetization reversal, τ 0 is the attempt time, and k B is the Boltzmann constant. 50 The best fits of the blocking temperatures obtained from the χ 00 maxima for different observation times τ = 1/2πν to the Arrhenius law give the E a and τ 0 values listed in Table 2 . Figure 5b shows the Arrhenius law fit for Rha-16, as an example. For Rha-4 and Rha-10 only, the obtained τ 0 values are in the 10 À8 to 10 À12 s range typical for isolated nanoparticles in the super-paramagnetic regime. 51 In the other cases, τ 0 is outside this range, indicating the model is not appropriate to describe the dynamics of the systems. 49 Nevertheless, such small τ 0 values are usually interpreted as the signature of magnetic moment correlations caused by significant dipoleÀdipole interparticle interactions. 52 For this reason, the temperature dependence of τ was a AC susceptibility data of Rha-35 were not measured because the sample is blocked at 300 K in the investigated frequency range. 
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ARTICLE also fitted to the VogelÀFulcher law, τ = τ 0 exp(E a /k B (T À T 0 )), in which an additional parameter T 0 is introduced to take into account the strength of the interparticle interaction. The parameters so obtained are reported in Table 2 . As expected for systems where nonnegligible dipolar interactions occur, the VogelÀFulcher model produces τ 0 values within the proper range and with much lower energy barriers. Moreover, the strong increase of T 0 values indicates that interparticle interactions affect only slightly the magnetization dynamics for Rha-7, while, for larger particles (Rha-16, Rha-18), they cannot be neglected. This conclusion is in agreement with the behavior observed in the ZFC/FC experiments. The consistency of the results obtained from AC and DC techniques is also exemplified by the agreement between the effective anisotropy constant, K, evaluated from the energy barriers, E a = KV, extracted by the Arrhenius plot and from T B , evaluated as the ZFC curve maxima, assuming K = 25k B T B /V. The decreasing values of K upon increasing size, which ranges from 12.9 Â 10 4 J/m 3 for Rha-4 to 5.4 Â 10 4 J/m 3 for Rha-18 (values from AC measurements) is consistent with the increasing importance of the surface contribution as the particle size is reduced, as mentioned above. The observed K trend can also justify the anomalous T B vs d dependence (Figure 3b) .
Magnetic Hyperthermia Properties. Heat dissipation of ferrofluid produced by the delay in the relaxation of the magnetic moment may be observed when the NPs are exposed to an alternating magnetic field of proper frequency. To experimentally measure this effect, the sample is placed in an alternating magnetic field and the temperature increase is recorded as a function of the application time. The hyperthermal efficiency of a material is normally evaluated by the so-called specific absorption rate, SAR, defined as
where m e is the total mass of the iron, c i is the specific heat of the different species in solution, m i the weight, and dT/dt the slope of the T(t) curve. Because the experimental setup we used is not perfectly adiabatic (see Experimental Section), the dT/dt value was extrapolated by taking the initial slope of the temperature increase obtained from the linear term of a polynomial fit of the whole curve. The c i values were taken from the literature, 53 while the m i values were obtained from elemental analysis. In all cases, a ca. 0.3 g of 10 g 3 L À1 solution is placed in an AC magnetic field of frequency ν = 168 kHz and amplitude H 0 = 21 kA/m, corresponding to a product H 0 ν = 3.5 Â 10 9 A 3 m À1 3 s À1 . It should be noted that this value is close to the tolerance threshold limit which, after the experiments by Brezovich et al. on human volunteers, is assumed to be 4.85 Â 10 8 A 3 m À1 3 s À1 . 54 However, Hergt et al. estimated that for a small exposed region H 0 ν values up to 5 Â 10 9 A 3 m À1 3 s À1 could be safely applied, 46 and the Jordan group at Berlin's Charit e Hospital has exposed human patients to fields of 3.8À13.5 kA/m amplitude and 100 kHz frequency with only minor side effects reported. 55 Larger amplitudes or frequencies can produce tissue heating due to induced eddy currents.
The obtained SAR values are plotted in Figure 6 as a function of particle size.
Clearly, particles with sizes up to 7 nm do not produce significant heating for the experimental conditions adopted. When the size of the NPs exceeds this limit a sudden increase of the SAR value is observed, reaching 76 W/g for Rha-35. The SAR can be further increased by increasing the frequency. For example, upon doubling the frequency, the SAR of Rha-16 changes from 61 to 185 W/g. This value corresponds to an important heating efficiency and, although obtained under conditions slightly above the tolerance limit, makes the material suitable for application as heat mediators for magnetic fluid hyperthermia. Indeed, it is usually accepted that a heat deposition rate of 100 mW 3 cm À3 in tissue is enough to have a sizable effect, 2b which could be reached for a Rha-16 concentration between 0.5 and 1.6 g/cm 3 , depending on the frequency. It should be also noted that, although the observed SAR lies in the medium-high range of data reported in the literature to date for maghemite/magnetite MNP, 2f,g a direct comparison is difficult due to the lack of a clear definition of a protocol for SAR evaluation, which actually requires the control of many environmental parameters. In Journal of the American Chemical Society ARTICLE fact, for a given NP the SAR should be proportional to the frequency of the AC magnetic field and to the square of its intensity. Even though scaling procedures have been proposed, as for example normalization with respect to the tolerance limit 56 or to H 0 2 ν, 57 the lack of accuracy in the calorimetric measurements (dissipation, initial temperature, etc.) can produce significant differences even for samples of very similar composition, morphology, and size. In particular, when the experimental conditions are not perfectly adiabatic, the SAR is always underestimated since its value depends on the thermal dissipation rate, which in turn strongly depends on the environmental temperature.
To rationalize these results, we compare them with the theoretical values estimated using the Rosensweig model 58 for super-paramagnetic NPs:
where P is the mean volumetric power dissipation, μ 0 is the vacuum magnetic permeability, F is the mass density, τ is the relaxation time, and χ 0 is the chord susceptibility; χ 0 is defined as 
Two different mechanisms compete to determine the relaxation of the magnetization: the N eel relaxation, corresponding to the magnetic moment reversal over the energy barrier and characterized by τ N = τ 0 exp(KV/k B T), and the Brown relaxation corresponding to the mechanical rotation of the whole particle and described by τ B = 3ηV H /k B T (η is the viscosity of the media and V H is the hydrodynamic volume). The total relaxation time is determined by the fastest process according to 1/τ = 1/τ N þ 1/τ B . An evaluation of the SAR for the same conditions used for the calorimetric measurements can then be attempted by use of the hydrodynamic diameters obtained by DLS, namely, τ B and E a , and τ 0 obtained from AC measurements using the N eel model for τ N . The size dependence of N eel, Brown, and total relaxation times for Rha-4ÀRha-18 at room temperature is shown in Figure 7 . τ N could not be estimated for Rha-35 since it has a T B greater than room temperature.
Comparison of the relaxation times τ N and τ B shows that the latter are always longer, so that mechanical rotation is never fast enough to compete with the reversal of the magnetization through the overcoming of the energy barrier. It should be noted that τ N was evaluated from AC data collected on powder samples while SAR measurements were carried out on water solutions where lower interactions are expected, even though the concentration was high (around 10 mg 3 mL
À1
). This is not important for Rha-4ÀRha-10, where interparticle interactions are negligible, but it can affect the relaxation behavior for larger NPs. To gain insight into this point, AC susceptibility measurements on Rha-16 and Rha-7 solutions of the same concentration used for magnetothermal experiments were also performed. A fit to an Arrhenius law of the ln τ vs 1/T max plot gave energy barriers and τ 0 values close to those obtained with the respective powders (see the Supporting Information available, Table 1S ). This suggests that at the high concentrations used for SAR measurements particle aggregation occurs, which can allow for remarkable interactions still being operative.
Theoretical SAR values where then estimated using eq 2, where χ 0 is obtained from the room-temperature M S values and τ from AC powder data. The calculated trend follows that experimentally observed confirming that, for our system in the single-domain regime, the main mechanism for heat release is the relaxation losses due to N eel reorientation. This result can be explained by considering that, on one side, the increase in size induces an increase of the NP magnetic moment and, on the other, it causes the relaxation time to approach the working frequency (see Figure 7) . The numerical simulation by Purushotham and Ramanujan, 59 who determined that the size corresponding to the SAR maxima for magnetite NPs is between 19 and 22 nm for a frequency of 100À200 kHz, agrees well with this conclusion.
However, a significant discrepancy between the theoretically and experimentally obtained numerical values is observed. As already pointed out by Rosensweig, 58 the size distribution, which has been neglected to a first approximation, must be taken into account for a more realistic estimate of the SAR value. To assess the importance of the size distribution effect, the SAR was evaluated by replacing τ ≈ τ N (V) (τ N , τ B ) in eq 2 and integrating it over V, whose distribution is considered log-normal with average and standard deviation values reported in column 5 of Table 1. All the other parameters, such as K and M S , for which a weaker dependence on V is expected, are kept constant. The values obtained, reported in brackets in column 6 of Table 3 , are much more reasonable and comparable to those obtained experimentally. As expected, 2g,58 the difference between the two theoretical SAR values highlights the role of the size distribution, which tends to smooth the SAR values, decreasing those which correspond to relaxation times close to the working frequency, Rha-16, and increasing those far away, Rha-10.
Finally, sample Rha-35 shows the largest SAR. Since its blocking temperature is well above 300 K, Brownian relaxation is longer than the working frequency and the field amplitude used is larger than the room-temperature coercivity, it can be argued that the mechanism responsible for heat generation is different, as in this case hysteresis losses are predominant. Indeed, even if on a different time scale, a room-temperature minor hysteresis loop between (25 mT on dry powder shows H C = 6.5 mT and a maximum M = 0.3M S (see the Supporting Information available, Figure 8S ). Therefore, this result suggests that, at least for the field amplitude and frequency used, hysteresis losses are more efficient than super-paramagnetic losses. This behavior is the opposite of that commonly found for iron oxide NPs, where power losses are reported to be largest for sizes between 14 and 61 Further investigation of these systems, including an assessment of the SAR dependence on frequency and amplitude and measurements in solvents of different viscosity with a more sensitive experimental apparatus, is required in order to gain a better understanding of this behavior.
In summary, the 16 and 35 nm sugar-coated NPs are the best candidates for hyperthermic applications; however, to be suitable for theranostic purposes a satisfactory relaxometric efficacy is also essential.
Relaxometric Properties. The 1 H NMR relaxometry characterization (i.e., NMR dispersion profile) of the samples has been performed at room temperature by measuring the longitudinal and the transverse nuclear relaxation times T 1 and T 2 in the frequency range of 10 kHz e ν e 60 MHz, corresponding to an external magnetic field H = 0.00023À1.5 T. 62 The range was chosen in order to cover the typical fields for MRI tomographs, used both in clinics (H = 0.2, 0.5, and 1.5 T) and research laboratories. It should be noted that the measurements at room and physiological temperatures gave the same results to within 10%.
The relaxivities r 1 and r 2 as function of frequency are reported in Figure 8a ,b. For comparison, the values obtained for a commercial super-paramagnetic contrast agent produced by Guerbet Group, i.e., Endorem, have also been plotted. The size dependence of r 2 and of the ratio r 2 /r 1 at 1.5 T is given in Figure 9 . It is evident that Rha-7, Rha-10, and Rha-18 have transverse r 2 relaxivities that are higher than Endorem by a factor as large as 3, over the whole investigated frequency range. Interestingly, the r 2 value increases upon increasing the core diameter, thus suggesting that the particles are in the so-called "motional averaging regime" (MAR), where water diffusion occurs on a much faster time scale than the resonance frequency shift. 63 With regard to sample Rha-35, we observed when the sample was put inside the NMR electromagnet and irradiated with RF pulses to measure T 1 and T 2 values, precipitation occurred after 5À10 min, probably because of the presence of a static magnetic field. Consequently, to ensure that the solution was homogeneous such as in the case of the other samples, sonication before each measurement at different frequency was required. The r 2 values obtained are comparable to those of Rha-4. It should be remarked that the precipitation problems observed for Rha-35 exclude from use in a MRI spectrometer at the clinical level, because of clear risks of thrombosis. Moreover, we should stress that in the hyperthermia measurements no such precipitation was observed, due to the absence of a static magnetic field.
The frequency r 1 (ν) behavior of the investigated samples gives, as usual for super-paramagnetic contrast agents, information on the physical mechanisms that are the main sources of the nuclear relaxation times shortening. First we note that the data for both r 1 and r 2 are consistent with those typical of superparamagnetic nanostructures, 64À67 where the dimensions of the magnetic core crucially influence the mechanism of relaxation. Second (and as a further confirmation), the behavior of r 1 (ν) is qualitatively the same as the Endorem sample, being represented approximately by the sum of two contributions dominating, respectively, at low (e1 ÷ 5 MHz) and high (g1 ÷ 10 MHz) frequencies. 65 At low frequencies, the mechanism driving the nuclear relaxation depends directly on the magnetic anisotropy. 
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a Columns 2À4 report the N eel, Brown, and total relaxation times estimated as described in the main text. In the fifth column the Hν product used to measure the SAR is reported, while the two last columns give the experimental and calculated SAR values. Experimental SAR values were obtained using eq 1 with c NPs = 0.67 J/(g 3 K), c water = 4.18 J/(g 3 K), and c sugar = 1.2 J/(g 3 K); m i values were deduced from the relative weight percentage of particle/ sugar found by elemental analysis. Theoretical values were evaluated by eq 2 using the experimentally determined values for M S and V, and the relaxation times reported in column 4. The values in brackets refer to SAR values determined by taking into account the size distributions as mentioned in the text. Journal of the American Chemical Society ARTICLE At high frequencies, for the smallest particles the nuclear relaxation is dominated by the Curie-relaxation function that takes into account the diffusion of water molecules (with diffusion correlation time τ D = r 2 /D, where r is the distance of closest approach and D the diffusion coefficient of water molecules) in the presence of magnetic centers. On the other hand, the maximum disappears for the compound with the largest diameter.
The experimental data on our samples confirm (as for a few other experimental cases, e.g., refs 66 and 65) qualitatively the predictions of the theory presented by Roch and co-workers. 65 We are currently using this theory to predict the disappearance of the low-frequency dispersion when larger diameters (i.e., higher anisotropy) are considered, to explain the disappearance of the high-frequency maximum in r 1 (ν) for the largest diameter sample, and to estimate the distance r of closest approach to the magnetic core. A first estimate of the NMR diameter obtained in this way, given in Table 1 , suggests that the coating of our samples is fully penetrated by the diffusing water molecules. This work is currently in progress and will be published in the near future.
' CONCLUSION
In this paper we describe the synthesis of water-dispersible magnetite NPs of different sizes and coated with a crown of sugars. To achieve this goal, we have developed a novel method on the basis of the displacement of oleylamine/oleic acid ligands, used as stabilizers during the synthesis of these NPs, by formation of FeÀOÀP bonds between the sugar and the NP via a phosphonate function. A chemical modification of the ligand surface is then performed in an alcoholic medium to remove the acetate protecting groups of the carbohydrates. This methodology is general and has been applied to several sugars. It ensures both an efficient anchoring of the sugar to the NP surface and that the sugar points outward from the NP optimizing the cell recognition capability.
We then conducted a detailed study of the magnetic properties of these NPs, particularly in relation to their relaxivity and magnetic hyperthermia, in order to assess the effect of magnetic core size on the magnetic properties.
The optimum value of SAR obtained for NPs governed by N eel relaxation is 61 W 3 g À1 for a magnetic core size of 16 nm, while it is 76 W 3 g À1 for partially blocked 35 nm NPs. The magnetic field applied in these cases is Hν = 3.5 Â 10 9 A 3 m À1 3 s À1 , which is within the acceptable range limitations imposed by a potential use in the human body. In terms of relaxivity, the NPs Rha-7, Rha-10, and Rha-18, which have a magnetic core greater than 6 nm, display r 2 values greater than the first-generation contrast agent Endorem at fields (frequencies) compatible with clinical use.
Thus, the developed NPs present properties which are interesting for both magnetic resonance imaging and magnetic hyperthermia and have optimum characteristics for inorganic core sizes of ca. 16À18 nm. They are further functionalized with carbohydrates identified as recognition vectors for certain lectins. Therefore, these nanobjects can be regarded as third generation multifunctional sensors for theranostics. Biological studies in vitro and in vivo are currently under way to confirm the potential applications of these nanoprobes. In particular, preliminary cytotoxicity tests by MTT assays has revealed that the MNPs are not toxic, while the first assay on in vitro labeling of melanoma and breast cancer cell lines for Rha-16, carried out by the group of Prof. P. Marzola at the University of Verona, Italy, has provided evidence regarding the marked selectivity of our samples. These experiments also proved that the sugar-coating does not significantly increase nonspecific cellular uptake of the particles. All these data will be the subject of a future publication. . Size dependence of r 2 (b) and the ratio r 2 /r 1 ()) determined at 1.5 T (the most common field applied for medical MRI). The lines represent the r 2 (black line) and r 2 /r 1 (dash line) values obtained for Endorem.
